Introduction
Photoconductivity measurements were performed in both xerographic and electroded modes by the use of a purpose-built xenon flash unit l . The experimental system developed is an integral part of an on-going PhD programme 2 on the application of amorphous semiconductors as sensors for optical process tomography (OPT). Control of the laboratory apparatus and the collection of data is fully automated, and the laboratory apparatus 3 ,4 conforms to all relevant health and safety regulations concerning working with high voltages.
Extensive software has been written for the data handling, data management, data display and numerical analysis of the experimental data. The advantages of amorphous semiconductors for OPT are briefly discussed in the first section. The subsequent two sections contain an overview of the developed experimental apparatus and a brief description of amorphous semiconductor materials' ability to produce qualitative and quantitative data for imaging or control signal generation.
Advantages of amorphous semiconductors
Significant advances in tomographic imaging over recent years have led to highly accurate and efficient tomographic imaging systems. However, such systems that rely upon ionising radiation can be very expensive and complex and can pose a risk to operator safety due, for example, to radiation found in x-ray imaging systems or to very-high-intensity light found in systems that employ lasers as the illumination source. Thus there is currently great demand in the process industries for economical, accurate, fast, easy to use, portable, and safe tomographic imaging systems. The authors believe that tomographic imaging systems that employ amorphous semiconductors as sensing elements can help to fulfil the process industries' requirements.
The term amorphous can be defined as 'random'. Amorphous materials can be insulators or semiconductors, and at very low temperatures they can also become su perconductors S ,6 in which periodicity is absent. Amorphous selenium (a-Se) is a cha1cogenide glass which has been used extensively in the xerographic industries. A requirement of xerographic photoreceptors, as with OPT, is that they are sensitive to the entire visible spectrum. The sensitivity of aSe in the red region can be improved by the addition of tellurium (Te) to the a-Se film. The addition of arsenic (As) to the a-Se film can also improve stability and increase the film's sensitivity in the red region of the visible spectrum.
Amorphous selenium also suffers from problems of structural instability which could make it unsuitable for tomographic imaging systems. It can crystallise at temperatures above 100°C which means that the a-Se film becomes very highly conductive and any applied electrostatic charge dissipates at a rapid rate. The introduction of As not only increases the sensitivity of the a-Se film, it can also retard the crystallisation rate if the quantity of As is sufficient.
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Selenium alloys comprising 40% As and 60% a-Se are termed amorphous arsenic triselenide (a-As 2 Se3), are sensitive to the entire visible spectrum and are more mechanically and chemically durable than a-Se alloys which contain much smaller amounts « 1%) of As8. The addition of a small amount of Cl (-30 ppm) improves the speed of response by increasing the mobility of holes as free-charge carriers in a-As 2 Se3 films.
The high electrical resistivity in hydrogenated amorphous silicon (aSi:H) films (-10 13 Q/cm) and its high photosensitivity make this semiconductor material also attractive as a sensor for OPT.
Experimental investigations
In the initial stages of the current research, the electrical properties of various amorphous semiconductors including a-Se, a-As 2 Se3' a-SeTe, a-Si and a-Si:H were measured and compared using xerographic experimental techniques. Based upon the results of this investigation, a-As 2 Se3 and aSi:H were selected for further investigation. The computer-controlled experimental apparatus (CCEA) was designed to allow experimentation in the xerographic mode of operation to be performed, in which the free surface of the sample is electrostatically charged by a scorotron charger and the resulting decay curves are recorded and analysed.
All tomographic experimentation reported here was performed in the electroded mode of operation whereby semi-transparent gold (Au) contacts of a few angstroms thickness were sputtered onto the surface of the materials under test. A single 100 fJ.m diameter electrode was connected to the Au film in order to make electrical contact with the device so that a predefined electric field (E) could be applied to the material under test. Pulses of visible light were then applied through a transparent tomographic prototype to the sensor surface and the resulting photocurrent was monitored and recorded.
A brief description of the experimental system is included in the fol- Jowing sub-section. Our preliminary investigations have identified the suitability of a-As 2 Se3 and a-Si:H as sensors for OPT based upon the following main criteria.
Signal response
The signal response, R(A.), of the materials can be defined as the difference in magnitude of the dark current (Id) and the peak output current (Is) when the Au film is illuminated with visible light having a higher energy than the band gap of the material under test 9 . The magnitude of R(A.) (measured in volts or current) was dependent upon the material under test, the size ofAu contact, the applied electric field, the radiant power of the light incident upon the Au contact, the duration of the incident light, and the light pulse repetition rate. As light pulses are passed through the tomographic prototype, the radiant power of the light incident upon the Au contact varies due to the action of the tomographic prototype and the media contained within that prototype. As a result there is a variation in the magnitude of R(A.). It is the variance in R(A.) resulting from the action of the tomographic prototype and media that provides quantitative and qualitative data for image representation or media analysis or data for process control purposes.
Responsivity
The responsivity of the material (measured in A/W) is the ratio of I(s) to the radiant power of incident light. The measurement of responsivity could be the determining factor in selecting materials for OPT applications. For example, if a particular material were exhibiting superior responsivity under set experimental conditions, the following advantages could ensue. (I) Due to the superior responsivity of the material, an increase in Is would be detected, leading to a improved signal-to-noise ratio (SNR).
(2) The enhanced responsivity may lead to the detection of smaller changes in incident light, thus improving the efficiency of the system. (3) In application terms, the superior responsivity could also allow the distance between the light source and detector to be increased, thus allowing Jargerdiameter pipelines and vessels and also denser mediums to be monitored. (4) In terms of operator safety, the superior responsivity of the material allows the electric field and light intensity applied to the device to be reduced. (5) Finally, the active area of the Au contact could be reduced, thus improving the resolution of the system.
Speed of response
The speed of response is defined as the time required for the current to go from Id to Is after illumination has occurred, t(ls), or the time required for the current to return to its original value prior to the illumination period, t(ld)9. The speed of response ofa material is a very important parameter as it determines the maximum operating frequency of the tomographic system.
In the current research we are particularly interested in t(ls) as the variance in Is and therefore R(A.), is used for image representation or media analysis. Once we have established and recorded R(A.), no further information from the current pulse is required for tomographic purposes, and the Au contact is switched to the ground state to remove remaining current as quickly as possible. Thus t(l s ) is the dominant factor in establishing .the system's maximum speed of operation and it is desirable that t(ls) is as short as possible.
Dark current
Dark current (Id) can be defined as the amount of current that flows through the device in the dark and can be considered as noise. If the device were an ideal insulator in the dark, no current would flow in the dark and Is would be the true value of detected photocurrent when the sample surface was illuminated. However, as the devices are not ideal and current can be injected by the Au contact, the value of Id must be subtracted from Is to determine R(A.). Dark current is problematic in that it reduces the resolution of the measuring system and limits the smallest value of Is that can be accurately detected. It is therefore desirable that Id be as small and as stable as possible.
Repetitive tomographic cycling
If the a-As 2 Se3 and a-Si:H devices are to find application as sensors for OPT, they must be capable of producing repeatable values ofR(A) over extended periods of time at operating speeds required for OPT applications (lOOHz minimum 10). The sensor is said to be fatigued when it can no longer maintain its electrical properties and lightinduced degradation (LID) is observed in the signal response. The amount of fatigue experienced by the device depends upon the material under test, the electric field, the intensity of the incident light, and the repetition rate of the illumination pulses
L rep is an important parameter in that if it is greater than the time required for the material to regain its original value of resistance prior to a light pulse being issued, Is degenerates and therefore R(A) cannot be maintained over extended periods of time. The CCEA allows the measurement of Is, R(A), Id and fatigue in order to establish the suitability of materials for OPT applications.
Experimental apparatus
The description of the CCEA, its associated characteristics and performance will be discussed in terms of the electroded mode of operation. The samples were cut to be 20mm 2 pieces, and a 2mm wide strip of semiconductor material was removed from all sides of each sample to allow electrical contact to the conductive substrate to be made. All experimentation was performed within a purpose-built light-tight enclosure which was conductive and kept at the system ground to prevent any internal build-up of unwanted electrostatic charge. All components within the enclosure were also kept at the system ground for the same reason.
In the electroded mode of operation we were concerned with observing how the samples behaved under OPT conditions. These have semi-transparent Au contacts of various dimensions and configurations sputtered onto their surface. Each Au contact can be considered as a single pixel of information. The sample was placed in a purpose-built holder, which in turn sat on a sample support structure. A base made from insulating material was fixed to the floor of the light-tight enclosure and locating holes were positioned around the base perimeter. Matched locating pins on the sample support structure ensured that if the sample needed to be removed from the system, it was always returned to exactly the same position. The sample holder was machined from conductive material with a recess into which the sample was placed. Electrically conductive paint was then applied from the conductive sample holder to the exposed portion of the sample substrate. A low-noise shielded cable was then attached to the sample holder which formed the device output.
A IOOllm electrode was then attached to a power supply terminal on the sample holder. An insulating device was used to isolate the power supply from the sample holder. The other end of the electrode was then attached to the Au contact by electrically conductive paint. A stabilised HV power supply was used to supply voltages of up to IkV to the sample. In this manner, predetermined levels of electric field could be induced in the sample under test. A support plate was attached to each end of the sample support structure, holding a tomographic prototype in position directly over the sample. The tomographic prototypes comprised transparent acrylic pipe sealed at both ends. A screw cap at one end of the pipe allowed the insertion of various media. The support plates suspended the pipe so that the centre of the pipe was directly aligned with the centre of the sample. They were interchangeable so that pipelines of various dimensions could be employed in the system.
The two most common types of light projection in OPT are fan-beam and parallel-beam projection. With fan-beam projection a single light source is used to flood an array of sensors with light simultaneously. This has the advantage that fewer light sources are required, but the disadvantage that the light-path through the media to the array of sensors is not the same, which can result in complex sensor array configurations and image reconstruction algorithms.
With parallel-beam projection, e,very sensor in an array requires its own light source. The light sources and the sensors are arranged so that the light-paths through the media are the same for all sensors. This has the advantage in that reconstruction algorithms previously developed for medical tomography can be readily employed. The disadvantage is that multiple light sources are required.
In the current research, both types of projection have been investigated. For fan-beam projection, the tomographic prototype was left transparent for its entire length. But for parallelbeam projection the inside of the tomographic prototype was painted matt black, with a small transparent window left to columnise the light as it passed through the prototype and media to the sensor.
The xenon light source was positioned directly above the tomographic prototype in direct alignment with the centre of the pipeline and sample. The height of the light source can be adjusted for various pipeline dimensions. When experimentation was to be performed, the Au contact was switched to the system ground and the xenon source was pulsed at 100Hz for 15 minutes in order to bring the xenon gas up to maximum working temperature. The intensity of the light was dependent upon the input energy to the source, the distance between the source electrodes, and the pressure of the xenon gas. The xenon source was also run at 100Hz for 15 minutes to ensure that the gas pressure was at its maximum and thus the light intensity was at its peak and at its most stable. The light was then removed and a predetermined electric field was established in the sample via the HV supply and electrode.
Once the electric field had been established, dark current started to flow through the sample. This dark
Quantitative data
In determining the selected materials' ability to establish quantitative data, experimentation focused primarily on tomographic prototypes containing various levels of water. The aim was to determine if the selected materials were sensitive enough to distinguish accurately between various levels of water contained within the tomographic prototypes. The experimentation would indicate the materials' suitability for application in fluid leveUvolume detection and for the imaging of air bubble/plug flow.
Initial experimentation was concerned with establishing if the samples could accurately detect the limits of the tomographic prototype, i.e. distinguish between a prototype full of water (R full ) and an empty one (Rempty). This involved establishing R(A.) over a 30 minute period under varying conditions of electric field, light intensity, light pulse duration and light pulse repetition rate to establish the maximum gap (R diff ) that could be detected between the full and empty prototypes. The establishment of R difT , which dictated the resolution of the tomographic prototype, was found to be in the order of 1.3321lA for the a-Si:H material and 0.8851lA for the a-As 2 Se3'
Once the optimum value ofRdiffhad been established and shown to be repeatable, water of a pre-determined level (measured from the bottom internal surface of the pipeline) was added to the tomographic prototype. Using the same experimental conditions to establish R difT , R(A.) was again monitored for a half-hour period and recorded. This process continued until
The current investigation was concerned with establishing the suitability of a-As 2 Se3 and a-Si:H as hard field sensors for OPT, i.e. were the materials capable of producing accurate and repeatable quantitative and qpalitative data for various media contained within tomographic prototypes at high speed for extended operational periods?
Experimental results and discussion current interfered with the tomographic measurement in that it reduced the resolution of the measuring system. Both the dark (Id) and photocurrents (Is) were measured using a picoammeter. The picoammeter was then switched to the relative mode which nullified any existing value of Id and allowed maximum measurement resolution. Light of user-defined intensity, duration and repetition rate was then applied to the tomographic prototype, through the media, and onto the sample surface. The resulting photocurrent was measured with the picoammeter which provided a continuous inverted analogue output. This output was then taken to a personal fast Fourier transform (FFT) analyser and converted to a digital r ------------------------, signal. The time dependence of the data was continuously displayed upon the FFT analyser screen, and the FFT analyser was set to store the data automatically at user-defined intervals direct to a 3.5-inch disk. The data was then transferred to a PC where statistical analysis
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software package was performed.
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PlO and tomographic experiments, described in a previous paper!, and pIe surface was ' ---------------------..... detected by a Hamamatsu S 1722-02 PIN fast photo-diode. The photodiode, mounted in a replica of the sample support structure, was fixed on the support structure at the exact height and position of the sample surface. When a light pulse was to be recorded, the sample was removed from the system and the replica support structure was inserted. Again locating pins ensured that the structure always went into the system in the correct position. Before tomographic experimentation, the photodiode was inserted into the system and the xenon source was brought up to maximum working temperature as previously described. The desired light pulse intensity and duration were then set and the light pulse was recorded using a IOOMHz digital storage oscilloscope. 9.5 procedure then set the maximum level of concentration (R min =82.5%) that could be employed in the tomographic prototype.
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Speed of response Data relating to the speed of response of the a-As 2 Se3 and a-Si:H samples was derived from the current pulses recorded when R(A) was monitored.
For tomographic purposes, the speed at which the samples reached R(A) is a very important parameter when the maximum operating speed of any potential imaging system is to be considered.
The time for Is to reach 63% of R(A) was denoted by Lresponse(rise), and the time for Is to decay from R(A) to 37% of R(A) was denoted by This investigation was carried out Lresponse(fall). These response times by completely filling the tomographic denote how quickly the samples prototype with water mixed with a respond to the incident light falling on coloured concentrate at various levels the sample surface. The time required of concentration, and monitoring R(A) for [5 to rise from 10% to 90% of R(A) over a half-hour period. The maxi-was termed the rise time (Lrise)' and that mum photocun'ent was Rfu11> i.e. the for [5 to fall from 90% to 10% of R(A) pipeline was full of water with 0% was termed the fall time (Lrall)' The rise concentrate added. Experimentation time was one of the most important then proceeded by changing the vol-parameters when establishing the maxume of concentrate in the water.
imum operating speed of the system. Figure 5 shows the effect of altering Figure 6 shows two current pulses the concentration of the fluid in 0.5% recorded at t=15 minutes for 10% and increments. It can be clearly seen that 50% fluid mixtures. The experimental the magnitude of R(A) reduced as the parameters were set to prevent Is and fluid concentration was increased. therefore R(A) from reaching steadyThus the incident light falling upon state conditions in order to establish the sample was attenuated as it passed maximum variance in R(A). We are through the tomographic prototype by exploiting the variance in R(A), due to the level of fluid concentration. The attenuation of the issued light as it attenuation provided by the changing passes through the tomographic proto- 
Qualitative data
Experimentation was also carried out to see if the a-As 2 Se3 and a-Si:H materials were sensitive to changes in fluid concentration contained within the tomographic prototype. This would establish the their suitability for applications in the quality control of fluids contained within pipelines or vessels, and in the detection offoreign objects within those fluids. Further application may be found in the detection or imaging of semi-transparent foodstuffs such as vegetables 11. Figure 4 shows an example of this process with Rfi.I11 and R empty for a 44mm tomographic prototype (internal diameter) and the change in R(A) due to a 1.25mm change in water level in the first 5mm of the pipeline. Data shown relates to the mean values of R rull , R empty and R(A) averaged over several 30-minute test periods for the a-Si:H material. It could be seen that 1.25mm changes in water level were wholly distinguishable from one another and were the smallest changes in water level found to be determinable if crossover between the standard deviations observed in R(A) due to the changes in water level were to be avoided. " •• I . . . . . . . . . . . . . . . . . . . ........................................... .................................. A computer-controlled experimental system has been described for the investigation of a-semiconductor devices as image sensors. Of the various type and media to the sample surface, to produce quantitative and qualitative data. Thus once R(A) had been determined and recorded, no further information was required from the current pulse and the Au contact could be switched to ground via a high-speed switching mechanism 12 which can switch high-voltage supplies to ground in < 1).lS. The removal of current after R(A) has been recorded can greatly increase the time at which a successive light pulse can be issued. The rise and response times of the two current pulses are dependent upon the concentration of the fluid mixture, with 'trise=109.8).lS for the 10% concentration and 69.8).lS for the SOO!o concentration, which demonstrates that the speed at which the system can be operated is highly application specific.
